In order to quantitatively evaluate and improve the sustainability of machining systems, this paper presents an emergy (the amount of energy consumed in direct and indirect transformations to make a product or service) based sustainability evaluation and improvement method for machining systems, contributing to the improvement of energy efficiency, resource efficiency and environmental performance, and realizing the sustainability development. First, the driver and challenge are studied, and the scope and hypothesis of the sustainable machining system are illustrated. Then, the emergy-based conversion efficiency model is proposed, which are (1) effective emergy utilization rate (EEUR), (2) emergy efficiency of unit product (EEUP) and (3) emergy conversion efficiency (ECE), to measure and evaluate the sustainable machining system from the perspectives of energy, resource and environment. Finally, the proposed model is applied to a vehicle-bridge machining process, and the results show that this paper provides the theoretical and method support for evaluating and improving the sustainable machining processes to decouple the resources and development of the manufacturing industry.
Introduction
Manufacturing industry, as an important part of the national industry, consumes a large portion of energy in the total energy consumption [1] , and also results in serious environmental pollution in the transformation process from manufacturing resources to products [2] . The investigation shows that energy consumption of the United States is the largest, and energy consumption of its manufacturing industry accounts for about 20% of the total, S. Korea accounts for about 55% [3] . In China, energy consumption of the manufacturing industry occupies about 70% of the total [4] . It can be found that the energy consumption of any manufacturing industry is enormous and incredible [5] .
In 2012, the U.S. energy information administration [6] published the energy yearbook, showing that energy consumption in mechanical manufacturing accounted for 74.7% of the total energy consumption in the manufacturing industry. Machine tools and machining systems are numerous and widely applied, as well as are the basic energy consumption equipment in the mechanical manufacturing [7, 8] .
A large number of studies and investigations show that the energy efficiency of the processing process is very low [9] , usually less than 30% [10, 11] ; and Gutowski observed that the energy efficiency it will inevitably bring metrics tinkering leading to inaccurate and incomplete sustainability evaluation for machining systems. (2) Machining systems involve energy, materials, services and waste in the conversion process, but how to use a unified dimension to measure, the current research is scarce. (3) Due to the imperfect research on the evaluation index of the sustainability of machining system, the improvement method is relatively single. Therefore, it is necessary to study the evaluation index system of the sustainability of machining system with considering the economic, social and environmental benefits comprehensively.
To overcome above-mentioned problems, this study proposes an emergy-based conversion efficiency model for the machining systems that helps to improve the energy and material's utilization, and to reduce the cost and environmental emissions. The emergy theory is an eco-economic value theory and a systematic analysis method [38] , which can be applied to evaluate the environmental sustainability for various types of systems [39] . Emergy is also used in the field of industrial manufacturing. For example, Sun evaluated the Chinese sectoral ecological sustainability with an emergy network [40] . The emergy sustainability index for biodiesel supply network design is employed to measure the sustainability [41] . Yang [42] also used the Emergy to evaluate a rapid infiltration system and waste treatment systems. In these conditions, the emergy of different categories can be comparable [43, 44] .
Therefore, emergy can measure the energy, materials, services and waste of the machining system, recognize the conversion efficiency of the machining system from the perspective of emergy, and realize the comprehensive evaluation of the economic, social and environmental benefits of the mechanical processing system. So this paper presents an emergy-based conversion efficiency model for machining systems. Our research provides both practical and academic contributions. From the theoretical significance, the ECE of the machining system is constructed to quantify the consumption yardsticks of mechanical product. It represents the emergy operating law of machining systems for establishing the real cost and system profit target of machining products. The emergy-based conversion efficiency model is a comprehensive evaluation of the efficiency of energy, material, service and waste in the process of machining systems, and clearly quantifies the economic benefit, social benefit and environmental benefit of machining systems. This evaluation model accurately characterizes the sustainable development ability of the machining systems without incomplete and metrics tinkering. It provides a theoretical and method to support the accurate measurement and improvement of the sustainability of machining systems.
With practical value, it can improve energy efficiency, material utilization and service value, reduce pollutant emissions, enhance the comprehensive efficiency of the machining systems. It can clearly tell the production operations manager how to improve the green degree and conversion efficiency of machining systems. Moreover, the most important benefit is the effective tool for planning and controlling the sustainability of machining systems. It can easily respond to the needs of the market, society and laws and regulations, and enhance the low-carbon manufacturing level of enterprises. This study provides a theory and method to improve the sustainability of the manufacturing industry.
Emergy-Based Conversion Efficiency Model

Driver and Challenge
In the machining system, firms usually pursue the biggest economic benefits. In fact, the biggest economic benefit is based on the inflow of the largest natural resources. This point of departure often leads to the overexploitation of natural resources and the damage of the ecological environment, resulting in the decline of the sustainability of the production systems. Machining systems are widely distributed with high-energy consumption, low efficiency and large emission. Therefore, it is of great significance to realize the sustainable machining system that can achieve resource saving, environmental friendliness and customer satisfaction. Sustainable machining system is the coordinated development of high-energy efficiency, less material consumption, high service efficiency and less environmental pollution for machining systems to meet customer needs with efficient conversion efficiency. Machining system is an integral system for processing metal materials into parts with a large amount of energy consumption, service consumption, resource consumption and waste emissions.
However, due to the machining machine itself, and the technical conditions and other components of the impact, the composition of consumption subject is diversity and complexity, and the process is dynamic and random. It leads to energy consumption, material consumption, service consumption and waste discharge have the characteristics of multi-link, dynamic variation, nonlinear transformation, and complex rules.
The energy, material and service consumed and wastes discharged are along with the concrete implementation and operation during the machining process. Machining system input energy, materials and services, and output products and waste. It involves economic benefits (product price), environmental benefits (environmental pollution of waste), social benefits (energy, materials purchased from other enterprises, and human resources, etc.), and is interactive in sustainable development. Therefore, How to measure the conversion efficiency with a unified precise dimension for the energy, material, service and waste of the machining system has become a challenge for evaluating and improving the sustainable machining system. The dimension of energy, material, service and waste in the machining system is different, in order to accurately and comprehensively evaluate the efficiency of energy consumption, material consumption, service consumption and waste discharge in the production process of the machining system. An emergy-based conversion efficiency model is presented to evaluate and improve for sustainable machining system. It can provide support for reducing energy consumption, improving resource efficiency and decreasing waste emissions.
Scope and Hypothesisw
The boundaries defined are different, and the meanings of their evaluation parameters also are different. From the machining system of energy flow, service flow, logistics and waste, this paper evaluates the sustainable machining system by emergy conversion efficiency, which is used emergy to measure the energy consumption, material consumption and service consumption, as well as emissions during the machining process within the unit production time. Emergy evaluation is used to deal with different dimensions of energy, materials, services and waste of the machining systems.
Therefore, the machining system defined for this paper refers to a variety of energy, materials, services, as well as the waste discharged that are consumed directly and indirectly in order to maintain the production of stations in the machining system. Thus, the scope and definition of the sustainable machining system are as showed in Figure 1 . 
Hypothesis of sustainable machining systems:
• A station consists of only one machine; only one part is processed in a station's rhythm time.
• Each working procedure of a machining station can only be processed by one machine tool, and once the machining process is started; it is not allowed to be canceled or interrupted.
•
The machining process can be divided into four types, including the standby, starting, idling, and machining material processes.
• Failure in manufacturing process is not considered.
The energy, materials, services and waste are consumed in the machine shop.
Data Collection
There are many types of data involved in the Emergy conversion efficiency of the machining system, and the data sources are complex. The emergy-based conversion efficiency model needs a large number of basic data, especially the consumption data on energy, materials, services and wastes in the machining process, equipment and status of the machining system. Therefore, it is necessary to establish the basic database for emergy efficiency evaluation of the machining system. Prior to this, the basic database must be prepared and collected (as showed in Figure 2 ). Data acquisition is mainly through production documents, such as production plan, equipment files, logistics documents, dispatch information, and online monitoring. Online monitoring is a real-time monitoring of energy, materials and services used in processing systems and waste emissions.
Emergy Modeling
Preparation for Emergy Theory
Emergy is a kind of total available energy that is consumed directly or indirectly in the production process. Because different energy, resource, service and waste have different emergy values [44] , emergy conversion rate is used to represent the emergy value of different classes of emergy grade system. The basic expression of emergy analysis is:
where, EM is solar energy, and the unit is solar-equivalent Joule (seJ). UEV i is the rate of emergy conversion of different substances. N is an input stream representing different units (g/J), it includes energy, materials and waste. Emdollar value is the economic value of emergy flow, which is the concrete embodiment of emergy value in the economic market. Its expression is:
U is the monetary value of economic productive activities. UEV c is the emergy/money ratio (unit: sej/$). Emergy theory can quantify various types of resources, energy, products, waste and money into a unit. The emergy of different input and output flow can be obtained by calculating. Therefore, it can be compared with the same unit in machining system with the emergy flow.
Calculation Emergy of the Machining Systems
The main energy source of the machining system is electricity, some of which are coke, natural gas, hydrogen, and diesel oil.
(1) Emergy of energy consumption Energy is the fundamental guarantee for the operation of machining system. Energies of machining system mainly include electric, diesel oil and coke. The different energy structure of the machining system represents the different emergy consumption. The emergy calculation formula of energy consumption for the i-station is as follows:
where, k = 1 is the starting stage, k = 2 is the standby stage, k = 3 is the idling stage, k = 4 is the machining stage. N i j is the j-energy source of the i-station.
Then, the energy consumption of calculation formula of the station is as follows:
MN i is emergy value of energy consumption for the i-station in a takt time.
The application of renewable energy has better environmental friendliness and fewer emergy values. So reducing the emergy of energy consumption for the machining system can be used to replace non-renewable energy by renewable energy.
(2) Emergy of materials consumption The essence of a machining system is to process the raw material into a mechanical product. Its production process goes hand in hand with a large amount of material consumption. The production materials of the machining system mainly include steel, alloy, cutting fluid, cleaning oil, and water. The emergy calculation formula of materials consumption for the i-station in the k-stage is as follows: Then, the materials consumption calculation formula of the station is as follows:
MM i is emergy value of materials consumption for the i-station in a takt time.
(3) Emergy of services consumption In order to maintain the production and operation of the machining system, all kinds of services are necessary. The main services include equipment, fixture, management personnel wages and welfare expenses, workshop buildings and equipment depreciation costs, rental fee, repair costs, and office expenses. So the emergy calculation formula of services consumption for the i-station in the k-stage is as follows:
where, S(k) Then, the services consumption calculation formula of the station is as follows:
MS i is emergy value of services consumption for the i-station in a takt time.
(4) Emergy of wastes A lot of waste is produced in machining process. The wastes are mainly waste water, waste gas and solid waste for machining production in workshop. According to the actual needs of collection, classification, processing, packaging, handling, and storage, and sent to special processing sites formed by the waste logistics.
The emergy calculation formula of wastes for the i-station in the k-stage is as follows:
where, W(k) Then, the wastes calculation formula of the station is as follows:
MW i is emergy value of wastes for the i-station in a takt time.
Establishment of Sustainable Evaluation Indexes
Evaluation and improvement for sustainability of machining systems is important for low carbon manufacturing, and it is the key technology during the green transformation of manufacturing enterprises. Sustainability of machining systems is the coordinated development of high-energy efficiency, less material consumption, high service efficiency and less environmental pollution for machining systems to meet customer needs. In order to make a more comprehensive evaluation of the efficiency and production level of the machining system, effective emergy utilization rate (EEUR), emergy efficiency of unit product (EEUP) and emergy conversion efficiency (ECE) of the machining system are constructed to evaluate the sustainability. Based on the emergy calculation of energy, material, service and waste of machining system, they are constructed as follows.
EEUR
EEUR is equal to the system output emergy value divided by the feedback emergy from the machining system, including energy, material, service and waste. Its advantages are objective measuring the net contribution of the whole system to the economic activities, and it can evaluate the basic emergy utilization index. The size of its value can indicate the size of the emergy efficiency of the environmental resources and the economic feedback emergy in the machining process. Of course, it can be also apply to the evaluation of other industrial processes.
The effective operation is only machining stage in the mechanical process. EEUR of the machining system refers to the ratio between the effective emergy value and the total emergy consumption in the production process of the machining system.
The effective emergy value (machining stage emergy value) of the machining system is calculated as follows:
The reason for the negative value of MW (4) i is that the waste discharge is undesirable, and it is a negative impact on the effective emergy value. The total emergy value of the system is:
Therefore, the EEUR of the machining system is calculated as follows:
In the same way, the EEUR of each processing station can also be deduced.
EEUR reflects the effective emergy efficiency directly used in the machining process. It can measure the emergy utilization efficiency of the whole system. The higher the EEUR, the more effective operation structure of mechanical processing. The machining system with a highly effective energy ratio achieves good competitiveness in production activities. It is the basic condition to achieve sustainable development for the machining system.
EEUP
EEUP is an evaluation index to the production efficiency of the machining process, and characterizes the structural and functional rules of the ECE in the machining system (or other production systems). It provides an important measure for the rational utilization of energy, materials, services and waste of the machining system. The EEUP refers to the average emergy consumed by the machining system when producing a product. It is the ratio of the total emergy value of the machining system to the number of products, which reflect the emergy consumed by a single product. Therefore, the calculation formula of EEUP is as follows:
where, M is the sum of the input energy of the system. Np = T t , it is the quantity of output. T is the working time of the machining system. t is the takt time of machining. The EEUP reflects emergy production efficiency of the machining system. It can be used in the horizontal and vertical comparison of the machining system, and also is one of the forms of production capacity of the machining system. The smaller the emergy efficiency of the unit product, the more the production efficiency of the systems. The index can measure the level of the sustainable development of the machining system under certain conditions, to judge the market competition ability.
ECE
ECE of the machining system is the ratio of the benefit of unit product and the total emergy value of energy, logistics, services, and waste in the production process of the machining system. It is a comprehensive measurement of the material flow, energy flow, service flow and waste logistics to support effective evaluation and improvement of sustainability the machining system, so that the system can meet the greatest ecological, economic and social benefits. It represents the comprehensive ability of the machining system, which is the quantitative embodiment of its sustainable development ability.
The formula of ECE is as follows:
where, u p is the unit product ex-factory price, UEV c is Emdollar value. ECE takes into account all the emergy used by the system, including energy, materials, services and waste, and the price of products. ECE includes economic benefits (product price), environmental benefits (environmental pollution emergy value of waste), social benefits (energy, materials purchased from other enterprises, and human resources, etc.). It takes into account the economic and social benefits that are proportional to the development goals of the machining system, also the environmental pollution that is the negative impact on the development of the system. ECE of the machining system can measure the comprehensive competitive ability of the machining system. S value is measured from the point of view of energy input and output of t the machining system. The higher the S value, the taller the social and economic benefits under the unit environmental pressure, and the better the sustainable development performance of the systems.
If S = 1, it means that the social benefits, environmental benefits and economic benefits of the machining system are equivalent to the input of the system. That is to say, in terms of comprehensive benefits, the emergy value of the machining system in economic activities and the negative impact on environment and society are equal. If S < 1, it indicates that the machining system has higher environmental pressure at an unsustainable level, the production efficiency is low. If S > 1, it shows that the economic value of the system is greater than the negative impact on the environment and society, and indicates that the machining system is in the stage of sustainable development.
Case Study
Object of Analysis
The emergy-based conversion efficiency model for machining systems is applied to a machining workshop of a vehicle bridge manufacturing enterprise (as showed in Figure 3) . The enterprise mainly designs and produces semi-trailer vehicle bridge and special vehicle bridge. The production capacities of the semi-trailer vehicle bridge are 120,000 sets/year, and special vehicle bridges are 20,000 sets/year. With the scale expansion and rapid development of enterprises, the pressure of energy conservation and emission reduction policy has gradually been the focus of attention in the process of enterprise machinery processing. Therefore, how to identify, measure, evaluate and improve the sustainability of the machining production system has become an urgent problem to be resolved in enterprise operation management. 
Results
With the active cooperation and assistance of the workshop staff, the project group collects and converts the machining workshop of semi-trailer vehicle bridge in Table 1 .
Taking operating station of a FANUC machine tool as the object, the emergy consumption of the energy, materials, services and wastes in the four periods of starting, standby, idling, and machining are measured (as showed in Figure 3 ). Note: the references for transformation of investigation are [48, 49] , and the emission of exhaust gas is mainly caused by dust in the process of mechanical processing [50, 51] . Calculation formula of Tab 1: Transformity (sej/unit) × Raw amount = Emergy.
Discussions
(1) EEUR Based on the measurement of the emergy value of the machining workshop, the EEUR of the machining system and some the EEUR of the machining working station are shown in Figure 4 by Formulas (13) and (14). From the EEUR of the machining system and some the EEUR of the machining working station, it is not difficult to find that the ratio of Rough milling (0.416) is the smallest, followed by Polishing (0.457) and Foreplane (0.64). It shows that the emergy consumption of non-effective processing time (starting, standby and Idling) is higher, which is the object to be improved. Honing station (0.731) is the best, while the EEUR of the machining system is only 0.543, which are at a low level.
(2) EEUP It is known that the total emergy consumption of a working day of the machine shop is 1.88 × 10 17 , and the production of the special vehicle bridge is 50 units per day. Therefore, the value of the EEUP is 3.76 × 10 15 per unit.
(3) ECE According to the production data, the net profit of the special vehicle bridge is 4520 CNY per unit, so the ECE can be calculated to be S = 1.03.
The ECE of the machining system is S > 1, indicating that the economic value of the machining system is greater than that of the negative impact on the environment and society. This means that the machining system is in a sustainable phase. However, only S = 1.03, it says that the sustainability of the machining system has a lot of room for improvement.
(4) Improvement management of sustainability Through the evaluation of ECE of the production system of the special vehicle bridge machine shop, we found much need to be improved. The standby time of FANUC-3-2 machine tool in Rough milling workstation is long, which leads to more consumption of energy and rail oil. The spindle and lead screw wear too fast and the product quality is unstable. It has the largest weighted entropy.
The analysis found that: FANUC-3-2 machine tool needs more than 2.5 h of the machine temperature every day. The spindle temperature of the natural cooling state and the spindle temperature of the processed products are inconsistent.
The thermal elongation of the spindle with the temperature of 20 • C to 85 • C is more than 0.0397 mm (as showed in Figure 5 ), which leads to unstable machining dimension and longer heating time of the machine tool.
By improving the function of the FANUC software, the elongation error of the high speed spindle is automatically detected, and then the active compensation is made. In order to achieve the maximum possible to reduce or eliminate thermal elongation error, standby time is reduced. It increased the ECE 0.416 to 0.547 of the FANUC-3-2 machine in Rough milling station. It saved emergy for 7.82 × 10 14 /day, and the quality of machinery processing also improved 2.71%. 
Findings
In order to promote the sustainability of the manufacturing system, Reference [52] has also been studied. It mainly improves the manufacturing system from the perspective of lean energy saving and emission reduction, but lacks accurate measurement model and evaluation index system, and does not discuss the conversion efficiency of the manufacturing system (as showed in Figure 6 ). Compared with the sustainable measurement and evaluation of reference [47, 52] , the method proposed in this paper has the following advantages:
First, the ECE evaluation of the machining system can clearly quantify the compensation machining products consumption scale, and measure the ability of the machining system. It is the foundation of the real value of the product (including economic value, social value and environmental value) and the profit target of the system. Second, improvement management of ECE can improve energy efficiency, material utilization, service value, and reduce pollutant emissions. It also enhances the comprehensive efficiency of the machining system, reduces the operating cost of the system, enhances the quality of the products, and increases the green degree of the machining system. It supports a coordinated assessment model and promotion method for the sustainable development of machining systems.
Third, the most significant benefit is the effective tool for planning and controlling the sustainability of machining systems. It comprehensively measures and evaluates the economic, social and environmental benefits of the mechanical processing process.
Conclusions
In order to improve the sustainability of machining processes, a method to realize the sustainability can be measured, evaluated and improved for the machining systems were proposed based on emergy. Firstly, previous studies on motivation and definition for sustainability of machining systems are analysed. In view of the following problems, the concept of emergy-based conversion efficiency model was proposed, which is a new tool for analysing and assessing the energy consumption, material consumption, service consumption and waste discharged in the machining process. Second, the EEUR, EEUP and ECE are constructed to evaluate the sustainability of the machining system. It is a comprehensive evaluation of the energy, material, service and waste in the machining process, and clearly measures the economic benefit, social benefit and environmental benefit of machining systems. This evaluation model accurately characterizes the sustainable development ability of the machining system without incomplete and metrics tinkering.In the process of enterprise implementation, it has some surprise and success; it is the effective tool for evaluation and improvement the sustainability of machining systems to meet the needs of the market, society and laws and regulations, and enhance the low carbon manufacturing level of enterprises.
For the improvement of the sustainability of machining systems, we will further study the optimization model and methods for the sustainability of the machining system from the point of Intelligent Control and Fault Maintenance. Funding: This research received no external funding.
